Darwin proposed two seemingly contradictory hypotheses for a better understanding of biological invasions. Strong relatedness of invaders to native communities as an indication of niche overlap could promote naturalization because of appropriate niche adaptation, but could also hamper naturalization because of negative interactions with native species ( ' Darwin ' s naturalization hypothesis ' ). Although these hypotheses provide clear and opposing predictions for expected patterns of species relatedness in invaded communities, so far no study has been able to clearly disentangle the underlying mechanisms. We hypothesize that confl icting past results are mainly due to the neglected role of spatial resolution of the community sampling. In this study, we corroborate both of Darwin ' s expectations by using phylogenetic relatedness as a measure of niche overlap and by testing the eff ects of sampling resolution in highly invaded coastal plant communities. At spatial resolutions fi ne enough to detect signatures of biotic interactions, we fi nd that most invaders are less related to their nearest relative in invaded plant communities than expected by chance (phylogenetic overdispersion). Yet at coarser spatial resolutions, native assemblages become more invasible for closely-related species as a consequence of habitat fi ltering (phylogenetic clustering). Recognition of the importance of the spatial resolution at which communities are studied allows apparently contrasting theoretical and empirical results to be reconciled. Our study opens new perspectives on how to better detect, diff erentiate and understand the impact of negative biotic interactions and habitat fi ltering on the ability of invaders to establish in native communities.
Species transported far from their original range that spread and maintain viable populations (i.e. naturalized non-native species sensu Richardson and Pysek 2006) often pose signifi cant challenges to conserving native biodiversity. Predicting which species can invade which communities is essential if control measures are to be successfully implemented (Marco et al . 2010) .
e composition of local native assemblages and the phylogenetic relatedness of an invader to these communities can infl uence invasion success and thus provide a predictive tool. Closely related species are more likely to be ecologically similar, provided that traits determining responses of species to environment and co-existence show a signal along the phylogeny (sensu Blomberg and Garland 2002; i.e. similar trait values between closely-related species). Under these conditions, species ' phylogenetic distances can be used as a proxy for ecological similarity and have the advantage of combining multiple functional trait information.
ere are two opposing hypotheses originally proposed by Darwin to link the phylogenetic relatedness between potential invaders and native communities with probabilities of successful invasion (Darwin 1859) . On the one hand, close relatedness is predicted to hamper local naturalization due to niche overlap and competition with native species (i.e. ecologically similar species compete more than dissimilar species; ' Darwin ' s naturalization hypothesis ' ) (Elton 1958) . e resulting pattern is commonly referred to as phylogenetic overdispersion in studies of community assembly rules. On the other hand, appropriate niche adaptation may instead favor the naturalization of closelyrelated introduced species due to habitat fi ltering, which leads to a spatial pattern of phylogenetic clustering or underdispersion of niches (Duncan and Williams 2002) . Previous studies have found support for both of these hypotheses, leading to a fi erce controversy in recent literature (Daehler 2001 , Lambdon and Hulme 2006 , Diez et al. 2009 , Ricotta et al. 2010 , Schaefer et al. 2011 . Two aspects are likely to play a major role in explaining the discrepancy between theoretical predictions and among empirical studies: methodological diff erences and most importantly diff erences in the scale considered ( uiller et al. 2010) .
A standard methodological framework to address Darwin ' s naturalization hypothesis was outlined in a recent review paper ( uiller et al. 2010 ). e authors suggest that the niche overlap between the invader and the members of the recipient community can be explored through a series of metrics based on functional or phylogenetic distances among species (when traits show a phylogenetic signal) and then tested with an appropriate null hypothesis and associated algorithm (Hardy 2008 (Hardy , uiller et al. 2010 ). As diff erent metrics and methods have specifi c assumptions and may lead to diff erent conclusions, adopting a combination of approaches both for the quantifi cation of niche overlap and for the statistical test is a good method of corroborating results.
Ecological patterns are inherently scale-dependent and the resolution at which communities are sampled may have a major impact on the conclusions that can be drawn from data (Huston 1999 , Willis and Whittaker 2002 , Hanan and Ross 2010 , Qian and Kissling 2010 , Rocchini et al. 2010 .
eoretically, we anticipate more niche dissimilarity among species (overdispersion) at fi ner resolutions where biotic interactions take place because of the eff ect of interspecifi c competition/facilitation or shared natural enemies. On the other hand, we cannot conclusively predict direct biotic interaction between cooccurring species at a coarser resolution, as species can segregate along environmental gradients encompassed within large sampling units. erefore we rather anticipate greater similarity (clustering/underdispersion) among species because of shared resource requirements in this case. In fact, community assembly studies have shown that both phylogenetic clustering and overdispersion of native species within communities can appear within the same system, but at diff erent spatial resolutions (Cavender-Bares et al. 2006 , Swenson et al. 2006 . In a similar way, spatial resolution may be the key to reconciling apparently contrasting hypotheses and empirical results in the fi eld of invasion ecology (Stohlgren et al. 1997 , 2002 , Catford and Downes 2010 , Jones et al. 2010 .
Although the issue of spatial scale is clearly important in this context and has been addressed theoretically (Proches et al . 2008 (Proches et al . , uiller et al . 2010 , there are few studies that have investigated the eff ect of scale on invaders ' relatedness patterns using nested resolutions in the fi eld (Cadotte et al. 2009 , Schaefer et al. 2011 . While promising evidence comes from an analysis conducted by Diez et al. (2008) , which however did not include progressively fi ner sampling resolutions, to our knowledge no empirical study has been able to demonstrate the theoretically predicted spatial turning point from phylogenetic clustering to phylogenetic overdispersion of invaders. For example, Davies et al. (2011) found that native and non-native species were more distantly related than expected by chance not only at a fi ne resolution (plot scale), but also at a coarse one (hectare scale). Conversely, Cadotte et al. (2009) demonstrated phylogenetic clustering of invader success at the continental scale, but only found a random pattern at the smallest scale of analysis they considered (landscape). No study has yet included a comprehensive enough set of sampling resolutions to empirically reconcile the expected divergent patterns across sampling resolutions. Consequently, there has been a call for crossscale fi eld-based approaches to tackle the issue of spatial scale in the context of phylogenetic patterns of biological invasions (Proches et al. 2008 (Proches et al. , uiller et al. 2010 .
In this paper we explore the eff ect of sampling resolution on patterns of plant invasions with fi eld data using a comprehensive set of metrics and statistical tests (Fig. 1) . Focusing on Mediterranean coastal sand dunes, we test patterns of naturalized non-native species ( ' invaders ' hereafter) in local communities at three spatial resolutions. We built a phylogenetic supertree to derive two complementary community scale measurements of the phylogenetic distance of invaders: the Mean Distance of the invader relative to Native Species (MDNS) and the Distance of the invader to its Nearest Native Species in the native community (DNNS). Finally, we assess the results by testing the hypothesis that relatedness of invaders is diff erent in invaded communities from what it would be in noninvaded communities. To do so we rely both on randomization tests using an algorithm simulating ' random invasions ' and on phylogenetic mixed eff ects models in a Bayesian framework. Specifi cally, we address the following crucial questions: 1) how phylogenetically distant should species be to successfully invade a native community? 2) Are the observed patterns diff erent from random expectations? 3) Do the observed patterns change with increasing sampling resolution? Figure 1 . Conceptual diagram depicting the hypotheses relating naturalizations/invasions and phylogenetic relatedness/distance to the community and the testing procedure adopted in this paper. Non-native species are represented as squares and successful invaders in at least one community in the study area are in black.
Methods
e system under study is located in Mediterranean coastal sand dunes known to be prone to invasions (Chytr ý et al. 2009 ).
e vegetation of sandy shores in central Italy has been extensively sampled in the past few years at nested sampling resolutions and (contrary to what is often the case with phytosociological surveys) with no bias towards native species (Acosta et al. 2008 (Acosta et al. , 2009 ). e conditions were therefore ideal for testing phylogenetic structure in relation to invasion patterns at diff erent sampling resolutions with a relevant number of invaders to generalize the fi ndings.
Study area and sampling resolutions
We specifi cally focused on recent coastal dunes (Holocene) extending over 400 km on the central Italian coasts: 250 km along the Tyrrhenian Sea (Lazio Region, from 42 ° 23 ′ N, 11 ° 39′E to 41 ° 11 ′ N, 13 ° 20 ′ E) and 150 km along the Adriatic Sea (Molise and Abruzzi Regions). Holocene dunes represent ca 80% of the overall extent examined. Here we examined three diff erent sampling resolutions: one very coarse and two progressively fi ner resolutions. For the coarse resolution, we relied on a survey of the vascular fl ora of central Italian coastal dunes carried out from 2004 to 2007 in 3 ′ by 5 ′ grid-cells (about 35 km 2 ) which was limited to the geologic class of Holocenic dunes (Acosta et al. 2008 , Carboni et al. 2010 . Within each grid cell all vascular plant species (natives and introduced) were recorded wherever they occurred on recent dunes. 91 grid cells fall within the limits of the studied regions, however only 71 contained holocenic dunes. For the fi ner resolutions we used presence -absence data from a long-term (2002 -2009) random sampling campaign of coastal dune vegetation in several study sites, comprising most of the best conserved remnant dune systems of the region (about 80 km on the western coast and 22 km on the eastern coast) (for more details see Acosta et al. 2009 , Carboni et al. 2011 . In this work we specifi cally consider two nested plot dimensions: 2 ϫ 2 m (4 m 2 ) as the fi nest resolution and an expansion of the plots to 8 ϫ 8 m (64 m 2 ) as the intermediate resolution of analysis. We considered 690 plots for each of these two dimensions. In these environments the fi nest plot size is compatible with the identifi cation of homogenous plant communities, some habitat heterogeneity already occurs within the intermediate sized plots, and many different habitats occur within the grid cells at the coarsest resolution (sorted along a strong sea-inland environmental gradient; Carboni et al. 2011) . Our sampling design is therefore arranged as to include decreasing environmental heterogeneity within sampling units from the coarse to the intermediate resolution, while we assume that environmental conditions are relatively homogenous within the fi ne resolution plots.
We classifi ed only species introduced after the 15th century as non-natives in this study, but we included both invasive and naturalized species (Py š ek et al. 2004) according to the classifi cation by Celesti-Grapow et al. (2009) . From this list, we additionally excluded all species that were clearly not naturalized on coastal dunes based on expert knowledge. See Supplementary material Appendix 1 for a list of all the non-native species (invasive and naturalized) sampled at each resolution. We refer to these as ' invaders ' in a general sense, although we focus on all naturalized species, not only on those with high spread potential or with documented negative eff ects. Irrespective of the term used, we only make inferences on the naturalization process, not on the level of spread and further impact of introduced species.
Supertree construction
We created a supertree of all the taxa in the communities sampled by combining a backbone tree based on the APG III phylogeny ( Ͻ www.mobot.org/MOBOT/ research/APweb/ Ͼ ), which was generated by Phylomatic ( Ͻ www.phylodiversity.net/phylomatic/phylomatic. html Ͼ ), along with subtrees that were created using other literature sources to include e.g. gymnosperms and ferns (Chaw et al. 1997, Frohlich and Chase 2007) . We assigned branch lengths to the phylogenetic tree using the branch length adjustment algorithm (BLADJ) in Phylocom (Webb et al. 2008 ), based on the minimum age of nodes estimated from the fossil record (Wikstrom et al. 2001) . To produce phylogenetic distance matrices and calculate distancebased metrics, we used the sum of branch lengths separating pairs of species. In the absence of more precise species phylogenies obtained by sequencing proper DNA regions these matrices provide a useful measurement expressing the phylogenetic relatedness for community analyses and have proved to be eff ective in other studies (Pillar and Duarte 2010 , Ricotta et al. 2010 ). As our working phylogeny still contained many polytomies, we ran sensitivity analyses to test whether our limited tree resolution was substantially distorting our results (see Results section and Supplementary material Appendix 3) .
We also checked for a phylogenetic signal (sensu Abouheif 1999, Blomberg and Garland 2002) in a set of functional traits known to relate to species strategies or resource use (Westoby 1998 , Supplementary material Appendix 4). Tests of phylogenetic signal showed that most traits examined were more similar for closely-related species than under random expectations, corroborating our assumption that closely-related species shared more similar ecological characteristics than two species taken at random in the phylogeny. All details on traits, methods and results for these preliminary tests can be found in Supplementary material Appendix 4.
Spatial structure of invaders
In order to better calibrate the subsequent randomization algorithms and regression analyses we performed a series of preliminary tests to check whether invaders were spatially clustered as a subgroup. To verify how invaders were spatially arranged at the three scales we measured cooccurrence patterns (species.dist function in the R package picante, R Development Core Team, Kembel et al. 2010 ).
First, we defi ned an ad-hoc randomization scheme (Fig. 1) , testing whether there are diff erences between invaded and non-invaded communities. We simulated ' random invasions ' by manipulating the invaders in the species by site matrix and permuting, independently for each invader, local presences/absences among sites. At each examined resolution we thus generated null distributions of MDNS resid and DNNS resid averaged across sites for each invader recorded, to which the observed values could be compared. We concluded that the test was signifi cant if the actual values were greater than 97.5% (overdispersion) of the generated values or lower than 97.5% of the values (underdispersion), i.e. if the overall two-tailed p-value was Ͻ 0.05. In other words, for each scale by metric combination (3 ϫ 2 ϭ 6 combinations) there are two one-tailed tests at α ϭ 0.025 distinguishing phylogenetic clustering and overdispersion of each invader. To assess overall signifi cance of patterns for each spatial scale but across species, we performed a Fisher ' s test that combined the p-values for each hypothesis (function ' combine.test ' in package ' survcomp ' ; Haibe- Kains et al. 2008) .
Second, we implemented mixed eff ects models to assess whether the probability of community invasion was related to the phylogenetic distance between invasive species and native communities. We independently modeled the eff ect of MDNS resid and DNNS resid on the binary response variable ' invaded/non-invaded ' assuming a binomial distribution of the response. To account for the fact that more than one alien species could invade one plot and to allow for diff erent intercepts for each invader, we included two random factors in each model: plot identity and invader identity. Additionally we accounted for nonindependence among individual invaders with a matrix of phylogenetic relatedness among species. We took a Bayesian approach using the R package MCMCglmm, which enables both random factors and a correlation structure depending on species phylogenetic relationships to be included (Hadfi eld 2010). Each model was run for 250 000 Markov chain Monte Carlo (MCMC) steps, with a burn-in of 50 000 iterations. Uninformative prior distributions were used for parameters, with mean of 0 and residual variancecovariance matrices set to 1. We checked for convergence in the parameter estimation by inspecting trace plots of the MCMC iterations. We chose a thinning interval of 200 iterations, which resulted in posteriori distributions with 1000 samples. From these posteriori distributions we calculated mean parameter estimates, and 95% Highest Posterior Density (HPD) or Credible Intervals (CI). Signifi cance of model parameters was estimated by
We calculated pairwise values of co-occurrence using Schoener ' s index (C ij ), which is based on proportional similarity (Schoener 1970 ): C ij ϭ 1 Ϫ 0.5 ϫ Σ |p ih Ϫ p jh |, where C ij is the co-occurrence of species i and j and p is the proportion of occurrences of the i th species in the h th plot. With presence/absence data, p jh is zero if the species is absent from site h, otherwise it is the inverse of the number of sites where species i occurs. Mean observed C ij at the three scales was compared with randomized indices. Co-occurrence patterns were assessed for the two separate subgroups of invaders and natives by using a nullmodel which maintains the overall frequency of each species in the study region, i.e. shuffl ing sites within each species (Gotelli 2000) . is allowed us to see if there is clustering of invaders as a subgroup ( 
Testing Darwin ' s naturalization hypothesis
We considered two complementary distance-based metrics to quantify invaders ' relatedness to the community: the Mean Distance of the invader relative to Native Species (MDNS) and the Distance of the invader to its Nearest Native Species in the native community (DNNS) ( uiller et al. 2010) . It has been shown that phylogenetic distance-based metrics can be confounded with species richness (Pavoine and Bonsall 2011) and that there can be associations between species richness and the presence of invaders (Stohlgren et al. 2002, Stachowicz and Tilman 2005) . In order to partial out the eff ect of species richness and focus only on the eff ect of phylogenetic relatedness, we used residuals of MDNS/DNNS regressed against total plot richness rather than the observed MDNS/ DNNS values in the following analyses (Davies and Buckley 2011) . ese residuals are measures of phylogenetic distance independent of species richness (for simplicity just MDNS resid and DNNS resid hereafter). Examples of regression plots of MDNS and DNNS vs species richness are reported in Supplementary material Appendix 2.
To test whether patterns of invasion measured with MDNS resid and DNNS resid were diff erent from random expectations, we adopted two complementary approaches. treated in the randomization tests. It is indeed unknown whether a native species has been excluded by an invader, in which case this invader would refl ect characteristics of the lost native. e spatial diff erences in co-occurrence patterns of invaders with respect to natives can be informative in this sense. We found that invaders as a subgroup did not tend to co-occur at fi ne resolutions, though they appeared to be somewhat spatially clustered at coarser resolutions (Table 1 , column 1). However, they were never more spatially clustered than the native species in the species pool (compare columns 1 and 2 in Table 1 ; column 3). Given these results on spatial occurrences, we adopted the more conservative approach whereby other invaders occurring in the community were not excluded in permutations for generating ' random invasions ' .
When considering only the most related native species (DNNS resid - Fig. 2a) , results from randomization tests corroborated Darwin ' s naturalization hypothesis (phylogenetic overdispersion) at the fi nest sampling resolution (2 ϫ 2 m). For this resolution, a high proportion of invaders (ca 25%; Fisher ' s p-value ϭ 0.002) were more distantly related to the closest relative in the invaded local community than under random expectations. However, none of the invaders showed a DNNS resid greater than expected by chance at the intermediate and coarse sampling resolutions.
e trend was even inverted at the coarsest resolutions, with ca 10 -15% of the invaders having smaller DNNS resid values than expected by chance (Fisher ' s p-value Ͻ 0.001 at intermediate and 0.003 at coarse resolution). In other words, at coarser resolutions, the invaders tended to preferentially invade communities where at least one close relative examining CIs: parameters with CIs overlapping with zero were considered not to be signifi cant.
Results

Phylogeny
We obtained a phylogenetic supertree for our study system comprising a total of 798 species, of which 51 species were invaders (Supplementary material Appendix 1). A supertree constructed with Phylomatic is typically not fully resolved, with many species as polytomies within genera and some genera as polytomies within families. To test the infl uence of the polytomies on MDNS resid and DNNS resid , we performed a sensitivity analysis on the basis of randomly resolved trees (using the ' polytomy resolver ' phylogenetic tool, Supplementary material Appendix 3). We found that the metrics from the unresolved tree were unbiased estimates and that the uncertainty was consistently moderate (Supplementary material Appendix 3). Hence, in a pragmatic way we decided to perform all analyses with the unresolved trees to avoid working with hundreds of randomly resolved trees. Visual inspection of the tree showed that invaders tended to be grouped in several independent clusters with likely diff erent evolutionary histories and ecological niches.
Spatial structure of invader distribution
In order to fi ne-tune the randomization approach we analyzed species ' spatial co-occurrence patterns. When a community is invaded by more than one species it is not obvious how all invaders of the community should be invasion ecology. is has generated a growing interest in assessing the role that functional similarity and phylogenetic relationships play in biological invasions (Daehler 2001 , Duncan and Williams 2002 , Lambdon and Hulme 2006 , Strauss et al. 2006 , Winter et al. 2009 ). However, most studies have provided only partial or even diverging conclusions. Our study empirically investigated one of the main conceptual reasons put forward to explain confl icting results (Proches et al. 2008 (Proches et al. , uiller et al. 2010 ).
Here we demonstrated using empirical data the crucial importance of spatial resolution for detecting phylogenetic patterns of invasion and we explored the implications of the choice of metrics and statistical tests.
When comparing DNNS resid of potential invaders in invaded and non-invaded communities we found support for Darwin ' s naturalization hypothesis (phylogenetic overdispersion) at the fi ne sampling resolution at which competitive interactions take place on Mediterranean coastal dunes. In other words, invaders were more likely to be present in plots when they were more phylogenetically distant from their native relatives occurring in that plot (e.g. in the case of C. acinaciformis , one of the most invasive species in these environments. See Supplementary material Appendix 5 for a discussion on patterns of single invaders and their likely interactions with native species). is fi nding was reported at relatively small spatial scales in other contexts (Ricciardi and Atkinson 2004, Jiang et al. 2010 ). As we found that several traits tended to show a phylogenetic signal (Supplementary material Appendix 4), it is likely that relatedness of the invader indeed refl ected high functional similarity and thus niche overlap with the already occurred (i.e. a species likely to share similar niche requirements).
Patterns were similar, but less clear when considering all the species in the community (MDNS resid ). Fisher ' s test showed that invaders were signifi cantly more distant from natives than expected by chance at the fi nest resolution (p Ͻ 0.001) and closer than expected at the coarsest resolution (p Ͻ 0.001). However at all scales examined, a relatively small proportion of invaders had MDNS resid values that diff ered from random expectations, with approximately equal proportions of overdispersion and underdispersion at the fi ne and intermediate scales (Fig. 2b) .
Mixed eff ect models supported the results obtained by comparing observed patterns with simulated ' random invasions ' (Fig. 3a, b) . Specifi cally, at the fi nest resolution we found a signifi cant positive relation of the probability of invasion with the phylogenetic distance of the invader to the closest relative (DNNS resid ).
is relationship was inversed at the coarsest resolution, where the slope of the relationship was negative. e models with MDNS resid as the explanatory variable showed the same trends at both fi ne and coarse resolutions, although the slope was not significantly diff erent from zero in either case.
Discussion
Recognition that community invasibility depends on the match between the characteristics of the invader and those of members of the recipient native community (Richardson and Pysek 2006) has been a major shift in the fi eld of were able to show phylogenetic clustering of invader success as a result of habitat fi ltering only at an extremely large continental scale. Our results, forming a bridge between these two studies, seem to imply that the spatial turning point at which invaders become more similar to native species must be searched for at a resolution coarse enough to encompass a variety of diff erent habitats (e.g. from annual beach communities to backdune Mediterranean macchia in our case). e exact plot size depends on the study system and on the amount of heterogeneity characteristic for the specifi c ecosystem examined, as well as on the taxa under consideration. Our study focusing on a single type of environment (coastal dunes) allows highlighting phylogenetic clustering at relatively fi ner scales than previous state wide or continental assessments (Strauss et al. 2006 , Cadotte et al. 2009 ).
Quite surprisingly, in a recent study addressing ' Darwin ' s naturalization hypothesis ' at diff erent scales, Schaefer et al. (2011) found that introduced plant species were more likely to become invasive in the absence of close relatives in the overall native fl ora of the Azores, but could not confi rm this trend with a fi ne sampling resolution.
e authors argue that on these islands the exclusion of similar invaders seemed to be mostly driven by the clustering of common enemies, such as herbivores and pathogens rather than by competition. ey argue that enemy release should act at all spatial scales in a system like the Azores and thus produce a signal of over-dispersion not only at small but also at large scales, explaining why their outcome partially contradicts theoretical expectations. A similar result is reported by van Wilgen and Richardson (2011) for reptiles in North America.
By using a combination of two metrics of community relatedness we were able to investigate whether biotic resistance to invaders was best predicted by a single closelyrelated species or by the community structure overall. Using the DNNS resid metric we could highlight clear patterns in accordance with theoretical expectations at all scales, whereas the MDNS resid measure of community relatedness gave less clear or non-signifi cant results. In fact, within small homogenous plots we found a strong proportion of invaders, which tended to avoid the single most closely-related species (DNNS resid metric). It has previously been hypothesized that the biotic resistance of a given community would be mainly driven by the closest native species because one strong competitor is suffi cient for competitive exclusion (Kraft et al. 2007 ). Furthermore, we found stronger support for the infl uence of habitat fi ltering at coarse resolutions when focusing specifi cally on the most related taxon (DNNS resid ). is is in contrast with the common belief that total community relatedness tests should perform better with habitat fi ltering (Kraft et al. 2007) . In large grained grid cells the non-limiting availability of resources and the included habitat heterogeneity may support a number of diff erent environmental conditions and thus a high native diversity of phylogenetic lineages. e niche of the invader may need to be close to one of these suitable environmental conditions, but the mean distance to all species may be uninformative and obscure any pattern. Focusing only on closely-related taxa may instead provide the necessary precision to reveal the native species. Consequently, our results are in line with Darwin ' s and Elton ' s theoretical expectations on the biotic resistance of the native community to invasion. At coarser resolutions we instead found an opposite pattern suggesting a more dominant eff ect of habitat fi ltering (phylogenetic clustering). At the coarsest resolution (ca 35 km 2 ) a high proportion of invaders was more related to the invaded communities than expected by chance. is trend mirrors patterns previously observed at regional and continental scales, for example in the fl oras of New Zealand and Australia (Duncan and Williams 2002, Diez et al. 2009 ). In fact, when considering a coarser resolution, species can co-occur while avoiding direct biotic interactions.
e main reason is presumably that greater environmental variation is encompassed within larger sites, providing opportunities for species to sort across environmental gradients (Willis et al. 2010) . It is therefore possible to reconcile apparently contrasting hypotheses and results for the patterns of relatedness of invading plants through the explicit consideration of the scale or resolution at which communities are sampled and defi ned. is is true in our system even though we restricted our analyses to coastal dunes, so that our coarse scale species pool is already quite fi ltered compared to earlier studies (Duncan and Williams 2002 , Cadotte et al. 2009 , Diez et al. 2009 ). However, given the strong sea-inland environmental gradient and strong zonation of the vegetation the species pool is still broad enough to detect the underdispersion in a high proportion of invaders.
Determining the spatial resolution at which the eff ects of biotic resistance are outbalanced by environmental fi ltering so that closely-related introduced species are no longer excluded has proven a diffi cult task. is is because competition is most plausible only at fairly fi ne spatial resolutions and among fairly related species (the ' Darwin -Hutchinson zone ' according to Vamosi et al. 2009 ).
e few studies explicitly searching for a turning point may have failed because they may have considered a range of scales inappropriate for the specifi c study system/taxon or because they may have missed the Darwin -Hutchinson zone (Vamosi et al. 2009 ). In contrast, our study picked up within a single area (central Italy) and ecosystem (coastal dunes) both phylogenetic overdispersion and phylogenetic clustering of invaders, eff ectively establishing the spatial turning point from one pattern to the other. Interestingly, in recent work on serpentine ecosystems, Davies et al. (2011) found that native and non-native species were more distantly related than expected by chance at a fi ne sampling resolution roughly comparable to the one used in this study. However, contrary to their expectations, they also found overdispersion at the rather coarse resolution of one hectare blocks. In contrast, we were able to detect the shift to phylogenetic clustering, presumably on two main grounds. First, our chosen system is characterized by marked habitat heterogeneity within relatively small extensions, as the strong sea -inland environmental gradient determines a compressed vegetation zonation across the dune profi le. Second, we included a very broad range of sampling resolutions so that the grid cells used for our coarse scale analysis are much larger (35 km 2 ) than the ones used by Davies et al. (2011) . Intriguingly, Cadotte et al. (2009) In conclusion, we found that the relationship between phylogenetic distance and probability of occurrence of an invader changes with spatial resolution and that we can confi rm Darwin ' s naturalization hypothesis for fi ne resolutions where biotic interactions are also expected to be most important. Our results appear robust as both statistical tests applied supported the same conclusions. is paper therefore off ers a new methodological framework for using the composition of local native species assemblages as a predictive tool for the new establishment of invaders. e specifi c resolution at which a community is no longer driven by biotic interactions, but rather by habitat fi ltering depends on habitat heterogeneity, and should therefore vary depending on the system being studied. In general, our results are promising for the perspective of incorporating information on the phylogenetic identity of resident native species into fi ne-grained predictive models for species invasions. availability of favorable environmental conditions for the invader within the heterogeneous site. In addition, the use of a not fully resolved phylogenetic tree (aff ecting ' phylogenetic scale ' ) may also more strongly limit the analytical power of MDNS, given that randomly resolving the tree resulted in greater variation in MDNS than in DNNS ( uiller et al. 2010 ; Supplementary material Appendix 3). e identifi ed patterns were consistent among statistical tests (randomizations and regressions) and generally indicated that the closest relative was most informative for both the habitat preference of the invader and for the biotic resistance of the community. In contrast MDNS resid was a less eff ective proxy with few invaders that had signifi cant patterns in randomization tests and large widely overlapping credible intervals for slope estimates in regressions. However, considering that these results may strongly depend on system-specifi c habitat heterogeneity or on the phylogenetic resolution available and that a collection of related species may have more impact than a single closelyrelated one (Strauss et al. 2006) , it is generally advisable to check both metrics when analyzing invasion patterns.
As we have seen, non-random phylogenetic patterns of plant invasions may be detected either by a comparison with random expectations generated through various algorithms or through regression models. Using a combination of approaches enabled an assessment to be made as to whether our results were not dependent on methodological assumptions. Randomization techniques have been widely used in community ecology (Gotelli 2000) and phylogenetics (Cavender-Bares et al. 2006) as they are easy to implement and make relatively few a priori assumptions about expected relationships. Nevertheless, particular caution must be applied when formulating randomization schemes in order to avoid permutations that alter more patterns than the ones that are being specifi cally tested (Hardy 2008) . We specifi cally chose a randomization procedure that breaks down the phylogenetic relationship between introduced and native species, but not the phylogenetic relationships between native species of recipient communities. However, restrictions in the randomization procedure reduce the statistical power. Alternatively, the regression approach has also often been adopted when studying phylogenetic patterns of invasions (Duncan and Williams 2002, Lambdon and Hulme 2006) . While caution when formulating precise hypotheses and choosing adequate species pools should also be applied to regression models, these methods generally have higher testing power in comparison with randomizations. Moreover, in this paper we fi t regression models including a random component that accommodates diff erent intercepts for each invader. We can therefore evaluate patterns of more than one species in a single analysis, rather than only inferring trends from the proportion of invaders with signifi cantly non-random patterns. Besides, we can take species phylogenetic relationships into account in the modeling process, thus compensating for statistical non-independence among invaders due to shared ancestry. In summary, although both approaches we employed, i.e. randomization and regression based, have shortcomings and specifi c assumptions, the convergence in the obtained results suggests that the patterns we highlight in this study are not dependent on methodological choices.
